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SUMMARY
.._—

An investigationwas made to determinethe possihil-.
ity of using the photoe.lasticmethod for the stressanaly-
sis of bulkheadsin monocoquestructures. The method was
applied to severaltypicalbulkheadsincludinga circulqr

— .-

ring with floor beam, a circularring attached to the main
wing spar, and a flying-boatbulkhead. Methods for the
constructionof models and test techniqueare given. ‘–’
Tests of circularring models were made to determinethe -, ._

effect of the skin thicknesson the model results. Cor- “---‘–-
rection factorsfor the eliminationof skin effect are in-
cluded● The results indicatethat the photoelastic“method.

-—.— ——

is quite accurate. The method is recommendedfor use -.:--

where ‘bulklneadswith a large number of redundanciesare
present. —..

—
INTRODUCTION .-_—-..——_

Since the monoco~ueand the semimonocoquetypOS Of
constructionhave come into generaluse, many analytical
methods of stressanalysis of stiffeningrings and bulk-
heads hav”ebeen published. The 6impl13St type, the Ci2?CU-
lar ring of constantbending stiffness,offers some ana~—

..—.

Iytical difficultyalthoughmariyspecialcases“~floading”
far this type have been treated (references1, 2, and 3).
Certain generalmethods of enal$sis of noncircular,non--”
unifdrm rings have beeridiscutised(references4 and 5),
but the use of these’methodsinvolveseither extremely
complicatedanalysis or laboriousgraphicalmethods. In
actual aircraft structurescircularring bulkheadsof “-
uniform sectionare usually not the most efficientdesign,

--- —

.

—

In many actual cases the analysis of the bulkheadsiS
furjzhercomplicatedby the attachmentof floor ,beams,wing.—
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beams, and other members.. These mem~ers,if tied into the
bulkhead,tend to increasethe number of redundancies.
This increaseaffects the”stressdistributionin the bulk-
head and grefltlycomplicatesthe probl?m o.f.analyRis.Al-
though sbme‘ofthe analyticalmethodsdiscussedin the ref-
erencesmay be used in the gener~l case,t,heyare so labo-
rious and the possibflit~of error is so great that they
~re impracticalfoT .u.ae..inroutine design.,,

Severalyears ago it was pointed out (referonco6)
that tho photoelasticmethod could be used for the solution
of this bulkheadproblom, The purpose of the investiga-
tion reportedherein is to develop a techniquefor the pho-
to?l,astics.olut$.on.of ,tho,problem. The present report
‘~-oalswith.the constructionof the modols, the “methodsof
loading,certain short cuts in the analysis of bendingmo-
ment ,thatseem to be justified-,and the effect of certain
variableson the accuracyof tho test method.

,,.,
APPARATUS

. ,.
., The apparatusused.in.tho,testsreportedis located,
in the’photoelasticlaboratoryat Oregon State Collage.
Tho light source on the photoelasticpolar,iscopeconeists,
of a typo H-4 mercury vapor lamp. Light filtersare used
to transmitthe green llght, in the mercuryvapor spec-
trum, having a wave length-of.5460qngstromunits. The
polarizedfield in which models may be ~laced ie 6* inches
in diameter. The image of the stressedmodel Is focused
either on a screen,.oron a.phot.ographic?i.lD.:-The.”1.ight
in’’thb”~vorkihgfield-.ib’c.ircul~rlypolarizedbymeane of a
6~-’irichAhee-t””:ofPolaroid,hnda 6~-i,nch,o,ne-q~arterwave
plate. ‘Theanti’ql.yzbdu.nits”consist of another 6~-inch‘one-
quartbrwave,plqteaq’danother,~~.-inch..sheetof J?ola.roid:
4 ph’dtog~{ph‘o:.the.yolarts,cope.is.a>own.ipfigye 1..+

.. “. .
. Material”sel,ec~”e,dfor’thecans’tr”uc.tionof t.hgmodeZS

W#S ‘Bake’I’i”~e”’:BT-61-893..This m,a.teria.lmay be easily m%-
chi:ned;polished,:and annealkdand has a high e.1.astic
limit an,’da high s.treqs-o.p,~i,ccoefficient.

.. - .,. ,... .
., ., .

-+ . . L., .
. . .,. ,

,.

,,.,..
.,

*

t

—

.-

—. .-

-. —.

-- __—

.
... =.=

,



NACA l!echnical:NoteNo. 870 3

CONST!BSJCTIONAND MOUNTING OF MODELS- .:”

In order to obtain gooiresults from phot,oelas$ictests,
it is’important”that the models being tested be proyorly;
destgnedand constructed. The faces of the model.perpen-
dicular to the path of the light in the polariscopeshould
%e true plane surfaces,free from scratches,and hj.ghly
po”l$shed.When tested, t“hemodels should,in the unloadea
conditibn,be free”from initial stress or its opti,cql
equivalent. Whenever possilJle the model should be goo&o”t-
rically similarto the actual structure. In many models”,
howev’or,geometricsimilarityis not possible because of
tho requirementthat.the faces of :themodel perpendicular%
to the light path be parallel. .—

In the present investigationof bulkheads or stiffen-
er rings in monocoque structures,the largest stressesin
these rings ~re those due to bending. If themode-1is so
designedas to reyresentthe pr’aperdistributionof bend-
ing moment in the bulkheads,the results ohtained”fromthe
model tests will be satisfactory. Many full-scalebulk-
heads and stiffenerrings are constructedof ,built-upsec-
tions, 1 sections,T sections,or other extrudes sections
of various shapes. In tiliedesign Of models ofthqse full-
scale structuresit is usually simplest to h.a”vethe mqdel
of constantthicknessand to vary the de~th of the cross
sectionat each point in such a way..that..theratio of the
bending stiffriessof any.section of,the model to bending
stiffnessof the correspondingfull-$ca.lesection is the
same for all cross sections. The shape.ofthe neutral
axis on the model should then be geometricallysimi-larto —

tho’full-scaleoriginal. “Thebe”naingstiffnesswill be
designate by EI, which is the’product of the modul,us~~as-
ticity and the moment-of inertia of the.sectionin the
plane-ofbending. If the model is designedin this fash-
ion, the distributionof bending monent in the model wirl ““-

--—

be very cI.0s6to the distributionof b&nding momeritin the
full-scalestructure.

.-
.,. ..

If extremelyheavy and”stiffbulkheadsare being test-
ed in which the shear stressess.relarge as COIIIpared wi?~
“thestressesdub to bentiing,then it maybe necessary=

—

build a model of”var.yingthickness”..InJmost practica~”
r cases, however, such constructionmay be avoided. .. .“

The materialfor the model, BakeliteBT-61-893,iS
. availablein sheets of various thickhossesfrom 1/4 inch. -—
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to 1/2 inch. The procedureused for:the constructionof ;
the models was as follows:

—

1. The outlinesof-the model were accuratelylaid
out on the bakelite sheet and were scribedlightlyon the
surface. ,.

..—

.2* !l?h?model;wascut to with;g a~ou~ 3/32 or 1/8
inch.ofthe,.scr~bed,,line,s,ona.jigsaw. In this operation
a fine, sharp saw was used.and.th”ematerialwas cut .S1OW1Y,
care being.taken that the materialdid not becomeheated.

.,,
“3. The”’facesof the model were sanded and polished.

A power sand?r.was,used.untilthe surfacewas.fairlysmooth
and the model was of constantthickness~ The model was then
polishedon a polishinglap; levigatedaluminawas used as a
polishingabrasive. “

,4. The model,a.vqsannealed,afterpolishingto remove
any initial stiress.oropticalbirefringonce. The anneal-
ing oven used holds a,tempera~ureof 260° Y for 12 hours
and then cools at””the~~~a o=6° Y par hour down to room
temperature. .

.,.
5. “’

-,.
Sometimes,after ar+nqaling,a sm”allamount of

polishingwas.necessary. .

●

,.
6? ~he modelwas.lcut.ta..fin”a>”di~eri”~ionsby one of

the,methodsdiscussed.in the’$oll~wingparagraphs-
,.

The
final model should.hn~p.yits.facesparallel,its corners
squareand.sharp,,andits f~c8s“freeof scratches.. ,,

,.,., .
The modelT.rn@yb~;c,~t~o-~final:ehapewith ma”nytypes of

machine tools,, It:.,,is..im~or.t~aIlt”tQ.be‘surethe,ttools are
sharp,andthat fi.,nal,fin,is.h$ngcu”tsare very light in order

,not to introduce.macliiniq$,~$tr~.sses..-intothe model..., . . ,.
!lhe,,ci”rc.ular””ririg”s.aho’w”n,.,infigure 3 were all cut“on a

small b6nch lathe. ‘“Themodel was first cementedto a
smoothwood face plate, using Dennison~sor Duco household
cement or,,similaradhesive to hold the model on the face
plate. Uqder Yo conditionsshould the model be held di-
rectl”yin.the”,jawsof”A chuck”.bec,ausestressesmay be in-
troduced, The model was ‘cut “wi~~.a.sharptool to final
size, Thelast few cutsdid,pot.rem.o,vemore ~~an 1/1000
of an inch. !I’hemodel’”was‘thenremovedfrom the w“oodface
plate by soaking in acetone,which dissolves,the adhesive
usad but does,Lnotaffect the,~bakeliteor the polish.onthe

w
.—
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surface~ Once the.node~has been CUti, ,it should not be
PQ?-ishe~again as yolishing”atthis point hay r“oundthe
cornersand interferewith the determinationof edge
6trosses. The nodel was tested as soon as possibleafter
conplotionas effects”of hirefringencebegin to appear
on the nodel a short fine afterward. A photographof a
circularring model set up in the lathe is shown in fig-
ure 4.

For cutiting”node”ls.having,straightedges, the use of”
a milling machine.”i.~’.quite satisfactory. Here agai”n, —
howover, models should.be cenentedto a woo-dblock rather
than held’”directlyin a vise. It is ipportantto uso a
sharp cutter and to take snail finishingcuts.

11’orcuttingmodels stzchas the;flying-boatbulkhead,
nodol 7 (fig.3), a verticalmill or shaper is very con-
venient.“ A metal’tbmplate -7~T.(fig. 3.)was.first cut out.
The drawing of””theb~lkhs~d’.mode~,and.,td~pl”ateis shown
in figure 5.’ Thfk’tkupla%e”was .0.03,2inch undersize on
all ed”gei. Tn fi’gurs”6 ‘a&eshown the method of attaching”
the model to a woo& face ‘pl&%~”and the method of attaching

f the metal ti”emplate”to the bakelite stoc’k.A hardeneaand
ground steel collarwas fitted over the milii.ngcutter and
adjus-tedto ride against the template. The thicknessof

. the wa”ll”ofthis collar was the same ai”the..anountthat
the templatewas cut under size, in thi.s.ease0.03~”inch.
In some cases it may be necessaryto deed~th~model ~n”to.
the cutter by hand.

,..
This method is quite satisfactory”if

care ,is taken not to feed too rapidly. If possible$the
wood face plate should he mounted in a compoundrest,.Eeed,=
ing screws shouldbe used. Tigure 7 shows the model set up
in the verticalmill. The wood and templatemay Ye &OmOVed
from the model hy”soaktng-inacetone in the same manner as
previouslydescribed. .“

~ith theoxception of a few preliminary tests on the
circularrings, all moaels.ti6resupportedas-bulkheadsin
monocoque structures. Loads were applied directlyto
these bulkheadsand the reactionswere taken through tli6 —
thin skin. For test purposes it was,found most convenient
to mount the bulkheadsat one e,ndof a cantilevertub”eas
shown in fi.~uree8,;9, and’10”.~~Se”yer,almaterialsfor the
skin were tried.,includingcardboard,fiber hoard, and

—

celluloid. All these materialscan be ueod but thin sheet
celluloid.was found to be by far the most satisfacto$-ya
In the constructionof these models severalrequire-mqnts
must he,met: First.,the light rays in the polar-:.sco.p.e““,, .: -—--—

.... ,,

-,
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must pass ‘khrough‘thenodel unobstructedby the skin or.
supports. Second,the loads must be applied to the bulk-
head. Third, the mountingmust bo rigid in order that
the deflecticne“unda’rload are not so great as to movo t-he
moddl into a positionwhere the light“willbe obstructed..

b

7

In order to keep the light”pathfree so that edge
stresseson the model could be determinedreadfly,a
slighttaper, as shown in figure 9, was introducedinto
the skin supportof the model. The amount of taper wns
varied on severaltestis;about 2~” seems to be the most
satisfactoryamountt The procedurefor constructingthe
mountingfor the model.wasas follows:

1. A drawing of the supportwas made.

2* A drawing of an accuratedevelopmentof the skin
surfacewas made which was used as a pattern for cutting
the celluloidskin. Edges of this celluloidskin were
welded togetheras a butt weld with the inner surface
flush. A cover plato of celluloidwas us~d. The actual
weld was made by moisten$,ngboth the skin and tho cover
plate with acetoneand clampingin place till dry. %

3* A wood form was cut ,outto hold the celluloid
skin. The skfn wa~ ccmontvdto this form with Dennisonls . ‘“-
or Duco householdcement,as shown in figure 9.

4. Tho bakolitomodel WFLS then cenentodinto th~
skin with the same adhesive. A complotodmodel of the el-
liptic ring is shown in figuro 8.

In figure 10 is showna cirtiularring model set up in
tho polariscopofor test.

TESTS OF CIRCULARRINGS WITH DIAMETRICALLOADS

Tho -pro%lomof analysisof a bulkheadring consists
fundamentallyin determiningtho forcesand moment-sat ono
or several sections. If this procedureis followed,forcos
and moments at other seotionsof.the ring may ho determined
by applyingtho principlesOf staticSt In many practical
cases, when tho bulkhead is supportodby a varying shear
reactionIn the skin to which it is attached,tho problem
in statics involved,oven after forcos an? monentsat ono ,
seotlonare known, is still difficultto eolve. It was

8

1
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%elieved that, if thestresses at the inndr and outer fi-
bers of the Inzlkheadwere known, the moments could be
calculatedwith sufficientaccuracy if linear distribu-.
tion of the bending stressacross the sectionwere assumed.
From a photoelastictest it is a sim~lematt~r,todeter-
mine the boundary stresses, It is well known that, if the
beam is curved,the assumptionof linear stress distribu~
tion does not apply; however,it may be demonstratedthat,
as the ratio of the depth of the beam to the radius of“the
curvatureof the neutralaxis becomes small, linear etress
distributionis approached. A“serles of tests was made to
determinewhat accuracy could %e obtainedIn practical~.
problems if linear stressdistributionwe~e assumed.

In a beam ‘sub~ectedto bending, the shear for:? per-
pqndl~ular~o,$he neutral axis i.s,zero at .a spc~ion of’
maxi.rnum:rnornent; consequently,“atsu”cha sec,tionthe pr,inci-
pal.~stres$es“&-reperpendicular,and parallelto..th$-ne,utral
axis-and~-furtli~rmore, the principal stress,p-srperidX&ular
to the neut$ii“axis“i+””zeroif the boundari?’sare.:.unload.ed
“(r6f6rences7“’&nd8). In a field of circularlypolarized
light,,each interferencefringe appearingbn the image of
“theph~toelasticmodel representsthe locus of points
where the differencebetweenthe pri”n”cipalstresse-s‘isequal
to a constanttjimesthe fringe order (references7 and 8).
At ,asection bf maximum moment,,therefore,the bending
stressesmay be computeddirectly from the fringe photo-
graph and a plot of bending stress”against depth of beim
may very readilybe”made at this one section”.,.

If th6--dis-
‘tributionof stresswith depth,ofbearn.isknown, the bend-
ing moment due to these stressesmay be accuratelydeter-
mined by a graphicalintegration.. In order“todeterhfne
the differencebetween the exact tending moment and the
approximatevalue obtainedby assuming linear distribution,
a series oftests was run on four circularring models of
constant ES. T!heserings were subjectedto concentrated
loads on the diarneteis~Models were “setin the field of
the polariscqpe,loads were applied;and a photographof
the fringe pattern was taken. In figure 11 model 4“is
shown set up for diametrical“load-test. Ii figure 12 is
shown the fringepattern for model 4 loaded with a diamet-
rical l,oad.of51.3 pounds.. . .

In reference1 the followingformula (in substantia~lY
, the same form) is given,forthe computationof bending rn5-
ments in a circularring-of const~nt.EI subjoc;edto di-
ametricallyopposedlo~ds: . ,.. .

.
●
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whorl-””””” .’”., ,-. .“,,

M bending moment at””.any,cross sectionof ring,.,
pound-itiches’ ...

w load“appSiodki r.lng,‘pounds ‘“ ““ ,.. .. .-..-, .,.,.
RM

,.
mean @&&iudj‘“incliu8‘

.,.. .“.
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I
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.
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This for~ui~w~~~@eri.vedon”th’eassumptionthat a
linear stireks,dist.’ri%ut,ionexistedacross the depth of the
ring sec’tio~,,that.’~h+Ioa.ded.r$ngis still circularin
shape,.’and that the “strai~energy.dueto th”eaxial loads
~,ndshear force,s,,is‘negligible...’lhe:formulais included
here for’purpdse:sQf comparisono,fthe resultsobtained
frbm’-t~eph~toeltistic,tests with the~approxirnatetheoretic-
al solqt,ion.Where the innek surfaceof the ring is in
tensi.o”n’,’”~:hqrnom.e,nt.,i;s.a.ssug~”dt,tib,epositive..The lead

““”fs”cissurned,tobe-,p,~s”itjive,,whenit.act,sOu~lwar@lyfrom the
$.

.~en~”~r”’*-“‘-:::”:.,{: ~,,-.’.‘---.,.. .. :-.: ,::.:--,”
..””.:..., .. . . -.

. .. .. . .. .. . . . *-.. ..- ..-.
..> “Ino$d,e:rto””d“e.tbrini.n~::.thevalue ;o~.tihe-prlnc”ipal

z.

str’e”ss“difference”’,corres~~p”dihgto any particular~ringe~
‘Itis nece’ss~ryto know,”.f.orthe material,andwavelength
of light u’$ed,the”valqe of‘theprincipalstressdiffer-
ence per fringe order. In order to obtain this value, a
rectangular.beam model 0.363 inch deep and 0.300 inch
thick was cut from the same materialthat was used for the

“rings. This model was supporteda’sa simp~e beam of 4-
inch span ap,dwas loaded with equal loads 1.0 inch from
each support-.The equal loads were,each 10.24 pounds,”
which gavo a maximum constantbendingmoment betweenthe
loads of 10.24 inch-pounds. The stressin the outer fi-
bers at a distance c from,the neutralaxis at the center
sectionis given by the formula .. ...

. . . . --
MC

—
0-=-=

10.24 X 0.1815
I

= 1555 pouqds.persquareinch.
0.001195 ““ .. . . .. .. .

.: .._ . . . . ..,. . . :. . . .

●
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ence of al - 02 = 302 n, where n is the fringe order
for the mbdel of dJ30’&ihchthickness. Since, for a given
materialand wave length of light, the stressper fringe
order is inverselyproportionalto the thickaessjthe mate-
rial tisedmay”t’hen’b~ consideredto ha%e a stressper
fringe order per inch thicknessequal to K = 90.6 pounds
per square inch per inch thickness.

-.—.—
In table I are given”dimensionsof circularring mod-

els. The symbolsused for the dimensionsare defined in
.

figure 2, In table 11 are shown the loads and momentsat
the point e = 90° for the four circularring models test-
ed. The momentswere computedby two differentmethods.
The first method assume& that the stressdistribution
across the sectionwas linear. On the basfs ‘ofthis assump-
tion, the tensile stress is .—

Mc Pst=T+~

and the compressivestress

Mc PSc .— - —
—.

IA

where P is defined as the axial force and A is the
cross-skctionalnrea of the ring. l?hesum of the tensile
and compressivestressesis, then,

., +St= g&.,
‘c I

-—
——

or .—
l(sC + St),34.= . ~c .

Since at the outer fiber one of the principal stressesIs
zero and”:the‘otheris equal to either the tensile or com-
pressive stress,then -___—_— ---- — --—.. . ,--- .

, ‘ ..“‘“
k nc

sc=—
Ii

k ntSt.r

whero nc is tbe fringe order at the outor fiber on the
,,..’

-. —--—
‘-. . .
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. . ,,
co.mprossionside.and “n,t,is”tho fringo or-dirat tho outor,,
fiber on tlfotension side..,Thoreforo,,

. . : ...

M = ,1k (hc + “nt)
,“ 2ch

or

.N=
d2 k (nc + nt)

..
12..

(1)

,Fromoquati-on(1) it is apparentthat tho bondingmo-..
r~ontmay be calculat~dimmediatelyfrom the photographic ,

patternif Mae fring~ orders on the compressionantition-
., sion sides of the beam are known. In.order to doternine

these fringe orders,the fringG order may be plottgd
against tho depth of the beam and values of fringe ord~rs

at the boundariesmay then be picked from theocurve.
.

Fig-
ure 14 shows this plot for the‘paints 6 = 90 and
e = 270° for the test made on model 4. This plot WaS
made by measuringthe locationof the f,ringeson the pho-
tograph shown in figure 12. Results of these measure-
ments are given in table III, If great accuracyi.snot
desired,it is unnecessaryto’pl~t the fringe order

&

against depth. In many’”casesthe fringe ordersmay %e de-
terminedmerely by inspectionof the ph~tograph. By in-
spectionthe fringe‘~<rdercan.l’ed6ter.minedwithin &o.3

>-

of a fringe order. If equ~t”ion(1) is “appliedto tho test
on model 4, ... . ,

----

M= (0.495)a.(soi6) (4.44, + 6.61) = 20055

12

This equationgives a value of M/WRM as f“ollows:

M 20.55 =.0..200
~’ = 51.3 (2.002)

At the sectionof maximummoment at the pointe
6 = 90° and 8 = 270°, as shown-infigure 12~ the stress
across these sectionsmay he computedas in table 111 and
plotted as in figure 15. Those stressesare producd%Y
combinedaction of bondingand axial loads. Tho average
stressacross the cross sect-ionis given by the mean ordi-
nato of the curve. The point in the cross sectionwhere

u

the combtned.stress is equal to the,mean ord~natois the
point of locationof the neutralaxis.

-.
1
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The actual bendifig.moment may “%ecomputedat these
points’by “findingthe value

P&* ‘.

where crl is the bending stress and y! is the distance
from the neutralaxis. In tab’leIV values of ~1 ~1 are
given. If the product (J!y! is plotted against the depth
of the beam as in figure 16, the area uti-derthe curve is
the value under the integralii t“he,equationfor M. Bend-
ing moments at the maximumpoints were computedfor”&Zl
four rings tested with diametricalloads, and the value-s
?re given in table 11 in the column headed llM/WRM(COZl-
puted from actual stress distribution).~1

The averagevqlue of M/WRM at e = 90° for the four
rings was 0.200A when the simplifyingassumptionof linear
stress distribu~ionwas made. The averagevalue obtained —
by the more lengthy graphicalmethod, which is theore;i-c~l-
ly the more accurate,was 0.2028. The differencebetween
these values is about 1 ,percent,which is less than the ex-
perimentalerror normallypreeent in any photoelast.ictest.
In view of the excellentagreementbetween those t-wometh-
ods, it is believedthat tho use of the ‘assu”mpt-ion–of lin-
ear stress distributionis fully justifiedand this method
was used in all subsequenttests.

!Choassumption of linear stress distributionmakes the
detormlnationof bending moments possible at all sections ..-—
merely by determiningthe boundary stresses. If these
boundariesare unloaded,the boundary stressesare princi-
pal stressesand one of them is zero. Consequently,a
knowled.gcof the.fringoorders at the boundariesim”tiodiate-
Iy gives the combinod stress duo to bendi”ngand axial load
and the bending moments may lo computedby equation-(l’).
Tho other method is applicableonly to Se”cfi”ionsof maximum ,
momont; it is fortunate,therefore,‘thattho linear assump-
tion is justified.

In figure 17 are shown curves of M/WRM again~t 8
“calculatedfrom Miller and “iood~stheoreticalsolution -

.-—
*

(roforonco1) and from the fringe photograph of figuro 12
by use “ofthe assumptionof linear distribution. The shapes

! of the’curves show excellent~.greomant. The maximum dif-
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.

ferencebetweenthe two curves occursat t-hepoint of max-
imum positivemoment. The differenceis about 10 peroent
of the value obtainedfrom the photoelastictests. Of the
two, the results obtainedfrom the photoelastictests
shouldbe the more accuratebecause the theoreticalvalues *
are based upon a strain-energysolutionIn which the strain
energiesdue to shear and axial loads are neglected.

f

TESTS OF CIRCULARRINGS SUPPORTED-ASBULKHEADS

Both on the models and in actual monocoquestructures
the thi’nskfn attachedrigidlyto the bulkheadwill re-
lieve the bondingmcment in the bulkhead. The skin acts
as a thin flange on a “ooam.The bendingmomonts In the
bulkheadwill depend both on the thicknessof the skin and
the rigidity of this shell structurein resistingdeforma-
tion of the bulkhead. In the model tests, since the wood
supportwas extremelyrigid as comparedyit,hthe bulkhead
model, this stiffnessmight be considerablygreat-erthan
in a full-scalestructure. This series of tests was run
on severalcircularrings of constantcross sectionto de- ,
termine the effect of variationof skin thioknessand
length of support .? on the.bendingmoments taken by the
bulkheadmodels. The loads on these rings were applted ,

as shown in figure 9. Positivebendingmomentswere as- .-
sumed to produce tensionin the inner edge of the ring.

When the rings were loaded in this manner, the maximum

~e~d~~~ moments
in the rings occurredat approximately

The values of the moments at 0 = 75° wore corn-
puted f~r all tests as listed in table T. In the tests of
the diametricallyloaded rings previouslydiscussed,the “
boundariesof the modol except at the point of.application
ofithe concentratedloads were froo of external stressand,
as a result,a determinationof the tensile or comprosslvo
stressesat the boundariescould be obtaineddiroctl.yfrom
a knowledgeof the fringe orders. In the series of tests
with the rings supportedby shear reactionsin the skin,
the shear stressat the boundaryof the bakelitemodels is
not zero. In figure 18 j.s shown MOhrlscircle diagram of
stressfor theedge of the model–attachedto the skin.
The stress St.- i.sthe tensile or compressivestressat the
edge of the ring; SS is the shear stress,due to the skfn, *“

on the outer boundary of the ring; and al - o= iS tha
differencebetween the principalstressesand is ea,ualto 1
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i a constanttimes the fringe order at the boundary. If tho
nn@e ‘“~ (fig.18)‘is small.;cos @. is equal to approx-
imately1.OO,and it!may bo”assumodwith nOg~igi~10err~?
that’thb to+sile,strees,St “is,~qualto-a constanttimes
a fringe order., ..,, .,

“In,order.tofind”out w~other the atigle @ is small, -,.
a “quantitative,aqqlysis of the values s~ ‘-an15”st tias
made as follows:”From reforbnco’2,

., .-

and ,. . . .

whore R correspond’st“o hM tieused in:this,
Therefore’; ‘ ‘. ‘ .- ~ .,..--

.

.“ . -. . . .-

. . ,..
.,

.,

paper..-.-—.
.“. .

&
1

00s e
2. a , “““’ ._

From tho Mohr ci.rcl,o.diagr.arnin figure 18, :*=(%-%) Cos ~.
Also, from “fi&r”e18,,”, -‘ ~~ ““ . ~~‘“ :“.“:‘ ., ‘“.~. ‘:=...

.. . .. . -,.$.= tan-z %,--- .. s+ .“ ‘.,‘ ““ -’..~-..
- ,“ ‘-,. .,,.’- - . . — —, — ~.— -- -,- ,

-,
,. ,.th,erefo~e,. ‘.::‘“ ‘“ ‘-- .:“’”“: ““-:”,,;>,,-T ..: -._ -____

.“. ,
.,.

tan $3= ‘.
““2WE311i,e (hds+ :..,.

1.~Rh,(3~R)“1-“(m,- e,),sin”~~$,cos @ .
,.

or ., .~ J,.. .

()2datan@=– sin 8’

[
3 x 1 - (n’- 1$)+ing+*cosi - ,“

In table 71 values of tan $ and .co~# were computedfor
1a value of ~ = —. This quantityrepresentsthe value for
4

the deepest model tested. These value: of ~an,$ and
Cos g, are plotted in figure19....Exceptat the points
vhere the moment”isequal to zero~ the.,fa”ctor Co$ $ i6

., . .
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i. . .
c,,onsid”ered’to be so little differentfrom 1.00s particular-,
l,yat the .rnaximummoment, that st is equal to a oonstant
times‘jheprincipalstres’sdifference al.- as. In view
of the fact that St has such a value, all the moments
were couputedas though the boundary.shear“sti-resswere
equal to zer,oand t,hemoments could %e-bbta’inedin exact-
ly the,same way as in the tests of the rings under diamet-
rical load.

In figure 20 is shown the phbtoelasticfringepattern
for model 4, test 5, with a load of 120 pounds and support-
ed in a skin of 0.020 inch thiokness. The fringe orders
for all fringesmust be known. These may lieobtainedby
observingthe formationoi the fringe”sasthe model is
loaded. The locationof the fringe ordersat sOctions
6 = * 75° are given In,table.VII. In ..figure21 is plotted
the fringe or~er“against“disttincefrom the outer edge of
the model, The differencebetween the fringe dr’derson the
outer and inner edges is 8.20 - (-4~80)= 13.oO~ By courlt-
ing the ,frin.ge.sand ?stime,’ti.ngthe:fringe orderat the
boundary,this’s-~medifferencewas determined to be 12.95~
By use of equation(1)

. . .

M “-””’~ak”’(nc+nt)”= (“0.0496)2 (90,5) (33’.0) = * 0995~=
12 (WRM) 12 (120)(2.002) a

.,

In table V are given the results of the completese-
..

ries of tests on circularrings mounted and loaded as
shown in figure 9. In order that all reeults be put in
nondimensionalform, the momentswere all dividedby wR~.
The length 1 of the‘cantilever’’,supportwas dividedbY
DM and the thickness’”of the oelluloidskin t wae divided
by d. Results‘ofall those tests were plotted as shown
in figure 22. The seriesof curves for various v~lues of
t/DM were fairodas a fmily. These cu%voswore then
cross-plottedas ‘showniri”’f’igure2“3”ln”which the “effectlvo
thickness te is definedby’the equation

. .
Ec&llulo~d(t)

te =
‘bakelite “

The curves in figure 23 indicatethht as the length of the
cantileversupportis increased,the val.ueof the moment
in the rings approachesa.symptotic’valuesat an l/D~ ra-
tio of approximately1.0. The effect of the skin on the

&

4

—
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nonents of the ring is quite large,. ln these tests the
nodulu”sof ~las-ticity E of the cblluloidskin is =@p’rox--“-—- ‘--
imately150,000and the nodulus,of el~sticityof the bake-
lito is .648,000.

-—

In using the photoelasticmethod to determinethe mo-
monts and forces in bulkheadmodels, it is recomnonded
that all values of tests be correctedfor the effect of
the model skin and the length of support. If$ for instance,
~ test of a,model is made at an 1/D~ ratio.of 0.4 and a
t/d ratio &f 0.20, the momonts in the modol sh,ouldthen be

.——

correctedhy the use of figure ’24. In figur~ 24 $he factor
F is plotted against z/D~ for variausvalues of t/&.
This factor E may be written

.

At the values mentioned, E’ is equal to 0.83. Tho moments
obtainodin the test modal, therefore,shouldhe divided by
0.83. Although this procedurewill pro%a%ly give values of
M somewhathigher than would actually be obtainedin prao-
tico, it is neverthelessconservativeand it is proha%le
thp.tthe sktn effect on actual fuselngeswill be less than
on the model.

In several of the tests n.ade,the models were so load-
ed that the thin skin buckled and formed tension fields.
On model 201, test 1, with a load of 16.05 pounds~ the
skin did not buckle. When the load was increasedto 20.60”
pounds, very definitewaves were formed in the skin. The
maximum velues of M/WRM, however, were very little dif-
ferent,being slightlyless for the buckled condition. On
model 3, test la, the skin wm.snot buckledunder a load of
72.70 pounds but was buckledunder a load of 90.00 pounds.
Again, the maximum momont was affectedvery little

In figure 25 curves are plotted showing the variation
of moments with ~. for a typical circularring loaded as ‘--
shown in figure 9. In table VIII completedata are given.
The values of the fringo orders nc .+nt were obtainedby
estimatingthe fringe orders on tho boundary of the modol. —
Since tho loading‘~ndthe ring were were’%oth symnotrical,
tho values were averaged at correspondingpoints on the ....__. .—.._
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two sides of tho ring. The values of M/wR~ woro correct-
ed by the uso of the factor I? in figura 24. Also p~Ot-.
tod In figure 25 are theoreticalVRIUOS obtainedby tho .
use of equationsin reference2. As in the tasts for dia-
mctrica.1loads, the maximummoments o%tainedfrom tho test
of the nodol are.somawhathigher than those given by tho
thooroticalsolution.

I?ronthis series of tests, it appears th~t almost any
convenientvalues”naybe.selectedfor model dimensions,
skin thicknesses,length of-.-span,etc., and corrections
can be made in accordancewith the method outlined. It is
recommended,however;‘thatan average dianeterof mode~ of
3 to 34 inches,a caritilev6rspan of about 1* inches,and.
a celluloidskin about 0.020 inch thick be used. !l!hese
dimensionsgive a zodel of sufficientsize to be easily
worked and constructed.

.

TESTS 03’‘TYPIGALBULKHEADMODELS

Tdsts of Model ~

Model 8 represents’”at~pic~ bulkheadconpo”sedof a.
floor beam atta”chedto a circularring. Dimensionsof the
model are shown in figure 26. The fringepatt”ernof the
model loaded with a total load of 61.2 pounds.is shown in
figure 27. Some stressanalystshave analyzedthis struc-
ture on the assumptiotithat the fl”o.orbeam merel-ytrans-
ferred the loads to the po$.ntsof attachmentoflthofloor
beans to the rings. This assumptionIs nob justified,
however,as the ‘stiffness,of the fl,oorbeam has a natiked
effect on the distributionof st-reisin tho ring as a vhole.

l?orthis beam

M/WRM = da k (nc + nt) = 0.004,12(nc + nt)
’12 (WRM)

1—.m. ()*61g “
I)M .2.76

and

,

,

.
t

t = 0.020=.O 093
z 0.215 ●
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From“figur”e24,” ‘F= 0.928. In table’IX are shown the cal-
culationsfor the values“of M/WRl~ at various points
around the ring. The theoreticalvalues in this tabl~ wer-e‘-
obtainedfron an unpublishedpaper by Wayne Wi.esnerenti-
tled lllXonocoqueFuselageBraced,CircularRing Analysisl~,
which was written in 1940 in conpeti”tionfor United Air -‘-
Line ScholarshipAwards. The value,of M/wR]~ in the floor

‘“bean itself,betweenthe loads is equal to 0.0642.’Both
sets of values, o%servedand theoretical,ar-eplotted in

This ~t.ructureis an excellentexa”npleof the value
of the photo.elasticnethod. Trorlan analyticalstatidpo,int,
the structurehas,six redundancies. In using the photo-
elastic aethod,however, the number“ofredundanciesdoes
not c“ozrplicatethe analysis. Wiesnertsthe”or,eticalsolu-
tion applies only to structureswhere the monpnt of inertia
of the ring is constant. The photoelasticnethod,howev,er,
can be applied @st as easily whether or not the uoment of
inertia.ofthe ring is constant. ---..

Test of Model 6
.

The main wing beans of many airpl~nesare attached
directlyto a bulkhead. Model 6 (fig.3) representssuch
a conb.ination.In severalairplaneshaving this“typeof
arrangement~ the ratio of tha noment of inertia of the
bean to the aoaent of inertia of the bulkhead ring.was of -
the order of 1000 to 1200. In order to obtain a stiffness
ratio this high in tho aodel, brass plates were bolted to
the sides of the bakelite spar to stiffenthat part of the
nodel. The model was tested at a ratio of EI of the
bean to EI of the bulkheadring of 1142. ?hedinensions
of nodel 6, which is nade of bakelite,are given in figure
28. The loads were applied a distance %

——
fron a center

line in such a way that the bending nomont a% the i?jtor-
soction of tho spar and the ring would representthe no-’
ments that would be obtainadon a noraal cantileverwings
Figure 29 shows the fringepattern obtainedon the ring
with a totml load W = 79..6pounds. The value of M/WRM
for the ring is given %y M/WR~~= 0.00263 (nc + nt). The
ratio l“/DM is 1.00, knd the ratio t/d is 0.102. Yron
figure 24 the factor F equals 0.93. The’load$ w/2 were
applied at a’dis”t’&nceb/R~~= 2.50 fron the center line=
In table ‘~are shown~he values of M/i?R~ for this motlel.
These valu”esare plotted in figure 28. From these results. ,..-_—.—
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‘-it is se~ri‘thAt,t~e’”st’r”u;tur-ewou”&3 ,.hemor~ e-tfi’cie~tif.the t
top o,fthering ,wer&lightenedas c,o_iiy,aredwi”ththe sec-
‘ti’onsdown-near-th”ewirigroo~.. ‘ --—.. .-

..! ... , . .

. . “Testof Model ‘9 ‘:; ... . . ..... . . .-- .,. . ,.. , -..
Many‘fus”elagestrtic%urbs‘aFe’elliptic,“rntheTthan”cir-

cular in section..“A ‘t”0f5t’wa”smade of an ‘ellipticring
model, model 9, to show applicationof-the method to ell:ip-
tic rings. The model was ,constructedby first laying out

—

a metal t’emplate”0.’032“in”c”hunilersize on’b~t:hthe ironer
and the “outeredg’esi-The “modelwas then cut ig,-th~same.
manner n,sthe flylng-boat-’tiulkhpadmodel yre.vi.ous”lyde-
scribed. ‘Themajor diti’meter”of t@ejneutral”axis,of the
ellipsewas 3.”66incfiesand the”.minordinmete’rw.ns2.70.
“inches.A non’dime’nsionalplot ..of‘momeQtd’forthe.circular
triingswas obtainedby ditiiding.,”thsmoment”.“by‘the“load
times the radius. since t-heradius‘ofthe circlemaY be...

consideredas equtilto m,”’ ‘in order to obtainn non-
.

dimensionalplot of the moments for the ellipticring, the
momentswere dividedby w&/;=”J%, whero a is the ,

somimajoraxis and, % “is $he.semiminoraxis. In order to
obtaina correction$a~t,orftom figure 24; the ~l/D~”ratio. .

., . . . . 2 ‘“1.13.
was consi.dersdto,be equal to !~ = “0-.36”0“‘Zho.

o;142 f2=”=
..-..

,. ,., .
fbr.this tpst.;was0’..067.,Thea, from figure 24$ratio..~t~d

F = 0-92. In ffgu.re:30is shown a drawing of the model -
and a definitionof the.angle The fringepatt.er.gfor .. .
model 9 is shown.in figure 3.1. in table XI are g$ve.nthe

M ,<
calculations.for’ -— These vilues nre.plot$ed in ‘fig-

..—
w 6“ —

ure 30. It ‘shouldbe noted that these,values will be ap-
plicable only,however,to.an ellipticring with a ratio
a/b equal to 1.83

1;35 .or 1.355. :
_

. .

Test of Model 7’

In’figure,~ were s~ownthe oratiht?sand a drawing of
the flyi.ng-bo&t-bul@eadmodel 7. AI.SOok this figure is —
shown a dr-awingof the brass te”mpl~,te‘used.?”orcuttingthe

.

model. The neutralaxis of”thismodal is geometrically
similarto the neutral axis on a typicalfull-scaleflyimg- *
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boat””bulkheadfor which data were available. The dimension
d of the model is such that the ratio betweenmo~ati%sof
inertia of”anytwo sectionson the model is.thp same as the
ratio between moments of inertia of hny two corresponding
ftillescalesections. In figure 32 iS shown the.rnoaelset
up for ,test. Loads wore applied.tosteel strk-ps.Loa&s
from the steel’strapswere distributedto,rubberspacers
which, inturn, distrihut,ed.the loads to the.model. The
loading conditionrepresentsan equallydistributed”loa~-
over the bottom of the hull of 2.505 poun’ds@er inch on
the battom~.or a total load of 115.,2pounds. As for the —

case of.the ellipti’c.%in”g,in orde,rto,make a nhndimen-
Si”onalplot,.themoments were divided.tIyt,heproduc”t ““
Wm where ‘A Is e~u& tothe”.,imiludgdar”eain–s~de
tho noutr”alaxis of t-homodbl. For .this,model,A“= 8.70 - ““
square inches. T!helength of the”cantileversupportwas
2.20,inchesand t’hethicknessof the ski,ri””-was0.020 inch.
The “valueof “M -—

“was0.393 d2(nc + ‘nt), In figure.,
~m. .“,

33 is shown the fringe pattern under the loading condition
described.,The calculatio~sfor detopmining”~he “corrected
values of M for this model are given”intable XII.
.. VW. ~
As the aepth of.the cross,’sectionwas not a,constant,the
value of t/d varied and,.conseque,ntly,the factor”3 as
determinedfrom figure 24 R.J.SOvaried. -The moment curve
for this bulkhead is plotted in figure 34.

,“

DETERMINATIONOF SHEAR FORCES AND”AXIAL LOADSr
. .

IN THE BULKHEADS

The techniqueand .theexaaplesgiven have emphasized
the method of determinationof riomentsin the bulkheads.
In general, if the moments are known at all sectionsand
the,externalshear reactionin the skin is determinedby
the usual methods, from principlesof etaticsthe axial
loads and shear forces in the bulkheadsmay be..determined.
The shear force at any s+ctionin the.bulkhead,however,

.,..’may also be obtainedfrom the Slope of the moment diagrtim.
For instance,if the monent in the-bulkheadis plottsd
against Q as in figure 17, the shear force 6 is equal

‘o *
or, in gener-al,is equal to dM/ds, where.- .

s is the distancealong the neutral axis of the bulkhead.



●

❆,$xial-.’loqds,at.t.h~sectionsof,maximummonqnt may ,IIo
detarzinedby f.inding..thocomponent,o.favbrago stresspar-
allel to,theneutral-axis. In fi.~re 15 combinedstress
duo to bondigg-momo,ptand flxlalload is plotted against
tho depth ofth~b~lkhoq~. .Thenet area.und~rthis c~urve
divid~d by the-dqp$h of-.the,.bu~kheqd..-d is equai,to the
untt..stqess‘p~odpaod.~~.:ishe,a$ialload. Zhis-averago
str~ss.~vltiplied..by.,thecro~s-secti:na$,.ar~~.~fll ~iv~
tlie:axi.al:load.:. .<:. .... , ... .,-;..:1 ; .....

. . .:,. .,. ., . .
~ At se.cti~~s:~wher~.tneno,nent,is’~ota ~~xiuun,an es-

tin.ate”.o.f-~the aFiql-loRti~ay%e obtainedby assunihga
linear,.distributionof bending 4tre8sand taking the aver-
Rge fringe order existingRt the eection. This Average

n~ - nc
tiay,beobt~in,edby tnking . ~ ., If.at.a..giv.en:section

.
th,~’’fr’in~e‘ord:$rdn”the.~~nsion~lde”is 6.0.an& the.fringe
“orde”ron”the””conpressi’bnside 1s””2.0, the avertigefringe”

_.
.,,

or~er is then ~6-0 W..
.~o.

= 2:0. The avo~age stress ““~. . ‘av,.
. -, . . ..’ ,.,.

ea-uals~~k
.,.,...,..

This
s.itierkbly

Z.u

( )“nt~:nc -
—. .

and th”e&xiai load P :,equalssad.
.2h : . —-. .—....:.- <.._ ~:... ,.,,,. *.... . .:. .—,-

nethod of determiningthe axial.lqnd nay be cok-
nore.i.IVert,s,,or-tihaq.,.t,~a.tfi.vsedfor the deternina- ,

tion of non’entsk,T:~e..d~t.~r,qj~”aj:ian.a$.n.o.nen.t.s.dapends,c.n
the sun.ofthe.fyi~~::;o~dpr,.~:whe.r~a~,,jth?axial load cic’pends
upon the differ.en”be;j-.qs.a~r.es,u:lt,.a.s-pall...erororin d“et”er-
nining individualfringe order .nlghtcause consider~bloer-
ror in determiningthis difference. It iS sugg~st-edthat
if axih”~loads‘a-ra~desitie’d-’thay’-bedetp,rr~inedapproximate-
ly by the nethod outlinedand chockedby use of the equa-
tions of staticsusf.figthb Villu@s”-of nonentspreviously
deterninod.

.,. , ,. “CONCLUSIONS
,. ,.,,., . .,.’

1* It is bel~evodt’hat”thephotoelastic no,thodof”
stzess”aialy~~’s”d”i”scussed”Iio’rtiinIs “ro~dilyapplicable

I to the solution’,of ‘t”hestaticall~i.ndeternlnateproblofis
fnvolvedIn the st’res’safial.ysisof’bulkheadsand that this
nethod is’nore a6curat&’-thant’”ho$oanalyticalnethods con-
nonly usedo~- .,. .2..;.,,” .- .. -

.,‘. . . :..
26 If the bending nonants,,.theaxi.al,load,s~and th~

shearsare determinedat every””sdctiionin’s bulkheadsthe
. ,, ,, .:.’ .. ,,.,. ,-.. :“

—

---

● ✍
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stress-analysisproblem tnvolvedis then nerely to check
to see if the full-scalebulkheadhas sufficientnonent of ““”””—
inertiaand cross-sectionalarea to resist these known
forcosand ~o~len%s.

Oregon State Collogo,
Cor~allis,Oreg., June 1942. .—
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TABLE I

DIMENSIONSOF CIRCULARRING MODELS

[Symbolsdefined in fig. 2. All dimension in in.] .

Ring
model

1
2
3
4
4a

401
301
201

Do I Di I DM

2.830
3.258
3.350
4.500
4.458
4.335
3.284
2.188

2.342
1.738
2.630
3.510
3.482
3.629
2-’742
1.846

2.586
1.998
2.980
4.005
3.970
3.982
3.013
2.017

0.244
.260
.360
.495
,488
.353
.271
.171

h

0.268
.313
.310
.309
.293
.262
.268
.269

TABLE II

RESUGTS OF DIA~TRIGAL LOAD TESTS

ON MODELS 1, 2, 3, AND 4

[Theoretical M/WR~~= 0.181’7(90°). Values of M/WRM are
average of values obtai.pedat 6 = 90° and .6___270°]..

M/q I M/’WEq
ModelTestLoad,W Keenradius W’RM(Linearstress(Computedfrom

~y:~ distribution
(lb) .

actualstress

; (a) 16.00

assumed) distribution)

I.293 20.6g 0.2050 0.2120
3 27.30 ●999 27● 29 .1965

z
.1965

38.60 1.490 57●x .2000 ●2020
; 51.30 2.002102.~ .2000 .2005
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TABLE III

MEASUREMENTOF LOCATIOXOF FRINGES,FROM FIGURE 3.2

[Model 4; test 3; diametricalload, 51.3 lb; origin On
outsideboundary of ring; diameter of ring in photo-
gra~h, 3.82 in.; actual diameter of ring, 4.5o in.; . - “-
ratio of”diameters,4.50/3.82= 1.1783

Fringe
order

-4.5
-4
-3
-2
-1
0
1
2
3
4
5
6

Left section “1

PhotographicIActuall

o
.025
.070
.115
;160
.200
.236
.274
.308
.340
.380
.’405

0
.029
.082
.335
.189
.236
.278
.323
.363
.400
.448
.477

-1330
-1180
-885
-590
-295

0
295
590
885
1180
-1475
1’?71

VALUES OF Ur

Distmice from
origin

o
.04
.08
.12
.16
● 20
.24
.28
.3z
.36
.40
.44
.48

Right section
e = 270°

DistancefrOm origin
(in.)

Photographic Actual
o 0.
.023 .02’7
.069 .081
.102 .120
.156 .184
.196 .231
.234 .276
,269 .307
.303 .357
.334 .394
.365 .430
.398 .469

JQJD Y1 MEASUREDFROM FZGUBE 12.

(;;j)
-0.26
-.22
-.18
-.“14
-.10
-.06
-.02
.02
.06
.10
.14
.18
.22

-1480
z1270
-1060
~840
-615
-385.
“130
145
425
720
1030
1315
650

(J1 ~:

Z85
280
191
117
61.5
23
2.6
209
25.5
72
144
237
363 .-

lThe symbol y’ representsdistancefrom neutralaxis.
aThe symbol 01 representsstress due to bending only.
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TABLE V

RXSULTS OF TESTS OH CIRCULARRINGS

24s

.

SUPPORTEDAS BULK-ADS IN MONOCOQUESHELLS

[Q = ?503

Skin
thick-
ness

(i:.)

Wlg
kpth

a
[*Q;)

cknti-

Iever
span

(~n.}

Taper
S@ e

(~eg)
$4 Fig-

xce
disnw
eter

%.)

ModelTesiLoad,w

(lb)
76.00
16.05
20.60
72.70
99.00
47.00
77.00
47.00
47.00
77.00
77.00
91.10
47.00
77.00
47.00
77.00
27.go
39.00
77.00
za.20’
120.00
120.00
120.00
L5Ef.50
79.10
L15.i30
120.00
L20.50
L9.20
27.10
62.00

2
. 201
201

:
3

;
3
3
3

:

0.020
.010
.010
.010
,010
●015
●020
.020
●020
●020
.020
.o~l
.051.
.051
.og2
●0s?
.015
“.015
,020
●020
,.020
.051
.og2
.m
.010
.010
.020
.020
.123
.020
●020

1,260
.171
.171
.360
.360
.360
.360
:360
.360
.360
.360
.360
:;:
.360
.360
.271
.271
●495
.495
●495
.495
.495
.495
,W3g
●WW
.WX
.&g
.4C%
.*353
●353

l.gg$
2.017
2●017
2.ggo
2.ggo
2.ggo
2.ggo
2.ggo
2.9go
2.ggo
2.ggo
2.gf?o
2.gt30
2.ggo
2.ggo
2.ggo
3.013
3.013
4.005
4.005
q.005
4.005
4.005
4.005
3*970
39970
3.970
3*970
39970
3*gEf2
3.gE$2

O.yz?
2.62
2.62
.jg
.3L3
2.60
.72
1,10
1.10
1.10
1.10
.72
1.10
1.10
1.10
1.10
2.62
2.62
1..10
1.10
1.,10
1.10
1.10
1*1O
..y3
,y3
1.10
1.10
1.10
2.62
2.62

2.5
2.0
2*O
.0
●o
::;
2.5
2,5
2.5
2.5
2.5
2.5
2.5
2.5
2.5
2.5
2.5
2.5
2.5
2.5
2,.5
2.5
2.5
.0
.0
2.5
2.5
2.5
2.5
2.5

).0891
.1050
●loy3
.0945
.0935
.1030
.0997
.OyYj
.1015
b101
.Ogffz
●0901
.0930
.Oggg
.oEYj2
.og60
.1020
.1020
.Oggg
,0995
.0995
.0954
,.Oggo
,06g2
.0955
.0952
.o~q
.0962
sOgoo
.0974
;0963

).1$33
L.300
L.300
.12t3
.12g
.q’2
.240
.369
.369
.369
.369
●24Q
.369
.369
.369
.369
●qo
●cqo
.275
.275
.275
.275
.275
●275
.096
.096
.277
.277
.277
.656
.656

).ot30
.oy3
.oy3
● 02f3
● 02Z4
.042
.056
.056
.056
.056
.056
.142
.142
.142
.2213
.22g
.056
.06
L

::40
.040
.103
.166
.331
.02J.
●Oa
.040
,040
.123
.057
.057

.

b

3
3301

301
Q

,

.
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o

15

30

45

60

75

90

105

120

136

150

165

180
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TABLE VI

COMPUTATIONOF CORRECTIONFACTOR

TO BE APPLIED TOE SKIITSHEAR STRESS

(2)

sine

3.000

.259

.500

.707

.,866

.966

L.000

.966

.866

.707

.500

.259

.000

(3)

-1.500

.?3?

.123

.Z07

.560

.644

.5’70

.394

.160

-*09Z

-.305

-●449

-.500

(4)

Column (2)
Column (3)

0.000

-.351

-4.07

2.30

1.54

1.48

1.’?6

2.45 “

5.36

-7.+6

-1.64

-.59

-.00

(5)

tan fl
31-=—
R4

0.000

-:015

-.170

.096

.064

.062

.073

.102

.223

-.333

-.068

-.025

.000

25

—.

(6)

1.000

.999

;989

.’992

.995

.995 -

.994

.992

.975

.945

.992

.998

1.000
.—

.-
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MEASUREMllNTOF LOCATION OF
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VII

E’RIHGES,FROM FIGURE 20

26

[Model 4; test 5; skin thickness,0.020 in.; diametrical
load, 120 3,b; origin on outsidebrundary of ring; mean
photographicdepth, 0.383 in.; mean actual depth, 0.495 ““
in.; ratio of depths, 0.497/0.383= 1.295]

Tringe
order

-5.0

-4.0

-3.0
.

-2.0

“. -1.0

0

1.0

2.0

3.0

4.0

5.0

6.0

?.0

8.0
.

Distance from origin
(in.)

Photographic

o’

.025

.061

.100

;132

.170

.200

.231

.258

.285

.310

.336

.354

.382

Actual

c?’

.0324

.0790

.1295

.171

.220

.259

.299

.334

.369

.401

.435

.458

.495

Right section —-.
e = -75

Distance from crigin
(in.)

Ph~togra@hic

o.

.033

.069

.145

.175

.205

.236

.265

.291

.319

.342

.368

Actual
—
o

.042’7

.0892

.1385

.18’75

.226

.265

.305

.343

.3’76

.4125

.4425

.476

.
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TABLE VIII

MOMENTS FOR CIRCULARRING MODEII —

[Model 4; test 5; skin thickness,0.(320in.; diametrical
load, 120.0 lb. See fig. 25.]

6

0
0
15
-15
30
-30
45
-45
60
-60

. 75
-75
90

. -90
I05
-105
120
-120
135
-135
150
-150
165
-165
180
-180

nc + nt

----.
-----
-23.3
-13.0
-3.1
-3.3
7.0
7.0
1>.6
11.2
13.0
12.9
11.8
11.7
7.8
7.7
4..0
3.0
-1.,5
-1;5
-4.9
-5.1
AJ:;”

-9:5
-9.5

-----
6----

-13.15

-3.20

7.00

11.40.. .
12.95

11.75

7.75

3.,50

-1.50

-5.00

-8.15

-9.,50

M
wR~

------
------

-0.1005

-.024

..054

.087

.;99

.090

.059

.028

-.012

-.038

-.062

- ● 073

Corrected
M/WRM

(1)

-----
-----

-0.110
-.026

,059

.095

.108

.098

.064,,

.031

-.013

-..042

-.,068

-*C4W

Theoretical
M/wRM
(2)

-0.238

-.117

-.020

.049

.089

.102

.091

.063

.025

-.014

-.049

-.072

-1080

.—

lCorrectedby use of correctionfactor F from fig. 24.

‘Theoreticalvalues computedby use of equationfrom ref-
erence 2..
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TABLE IX

MOMENTS FOR CIRCULARRING AND

0
0
15
-15
30
-30
45
-45
60
-60
75
-75
90
-90
105
-105
120
-120
135
-135
150
-150
165
-165
180
-s180

[Model8; total load,

nc + nt

10.2
10.2

5.0
5.0

-3.0
-2.0

-22.0
-19.0

----
----

6.5
‘6.7

11.2
11;0
10.5

8.3
5.0
4.5
1.0
1.0

-4.0
-4.5
-6.5
-7.5
-8.0
-8.0

d=MAverage _
n& + nt wRy

10.2

5.0

-2.5

-21.5

----

6.6

11.1

9.4

4.7

1.0

-4.3

-7.0

-8.0

0.042

.021

-.010

-.088

----

:027

.046

.039

.019

,004

-.018

-.029

.-.033

J

Ho. 8’70 28

FLOOR BEAM MODEL

61.2 lb]

Corrected
M/WRM

0.045

.023

-.013

-.095

---p

.029

.050

,.042

.021

.004

-.019

-.031

-.036

Theoretical
M/WRM
(1)

0.036

.024

-.009

-.060

{

-.121
-.002

.034

.046

.042

.027

.006

-.012

-.027

-.031

‘Theoretical values taken from an unpublished paper %y
Wayne Wei6ner entitledl~MonocoqueFuselngeBraced ?ir- _.
cular Ring Analysisllwritten in competitionfor United
Air Line ScholarshipAwards in 1940. .-
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75

--75

90

-90

105

-105

120

-3.20

135

-135

150

-150

175

-175

180

-180
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TABLE X

MOMENYSE’ORMAIN-SPARBULKHEADMODEL

Cllodel 6: lB/rR = 1142: l@M = 2.50]

ne + Zit

6.0

6.0

-4*1

-4.2

-8.0

-9.0

-8.0

~8.O

-3.8

b3.4

2,2

2.0

5.5

5.5

7.0

7.0

:.

Ai?erage
Iie + nt

.

6.0

-4.1

-8.5

. -8,0

-3.6

2.1

5.5

7.0

0.016

-.011

-.022

-.021

-.009

●006

,014

.018

Currscted
M/WR1l

0.017

-.

-.012

-.024

-,023

-.010

.006

.015

.019



6

5=
-5
15
-15
30
-30
45
-45
60

-60
75
-75
90
-30
105
-105
120
-120
135
-135
150
-150
165

-165
180
-180

NACA TechnicalNote I?O.-870

TABLllXI

~~O~~NTSFOR ELLIPTICRING MO~3L

[Model 9; total load, 47.0 lb]

Averagen= + nt n= + nt

17.0
16.0
8.6
7.5
-1’.4
-2.2
-5*O
-5.6
-7.3
-7.3
-7.4
-7.1
-97.0
-5.7
-5.0
!-4.3
-3.2
-2;8
0.0
0.0
2.6
3.3
5.0
5.5
6.0
6.0

16.5

8.05

-1.80

-5.30

-7.30

-7.25

-7.35

-4.65

-3.00

0.0

2.95

5.25

hi

fW all

-0.152

“-*oy~

.016

.049

.067.

.067

,058

.043

.028

.000

-.027

&.048

-.055

30

——.
Corrected

M
Wfi

—-

-0.165

-.081

.018

.053

.073

.073

“.063

.047

“.030

.000

-.029

“-.052

-,060



e

o
10

-lo
20

-20
30

-30
40

-40
50

-50
60

-60
70

-70
80

-80
100

-1oo
120
-120
140

-140
150
-150
160

-160
170
-170
180
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TABLE XII

MOMENTS FOR FLYING-BOATBULKHEADMODEL

D= + nt

3.1
4.5
4.2
6.2
5.8
8.3
8.5
11.0
11,0
14.5
14.0
0.0
0.0

-3.0
-3.0
-13.0
-13.0
-Loo
-9.0
-4.0
-5.0
-00
-*o
3.1
2.0
5.5
3.7
5.6
5.2
5.7

[Model 7; total load, 115.2 1%]

Average
DC + nt

3.10
4.35

6.00

8.40

11.00

14.25

.00

-3.00

-13.00

-9.50

-4.50

.00

2.,55

4..60

5.40
5.70

a.

L.030
.850

.700

.585

.440

.295

.304

.480

.280

.255

.255

.260

.295

.260

.255
.s250

da

1..O6O
.722

●490

.342

.194

.087

.092

.22Z’

.078

.065

.065

..0676

.087

.0676

..0’65
.0625

M
Wp

Q;Z288

.1235

.1155

.1130

.0838

.0477

.0000

-.0261

-.0398

-.0243

-,0115

,0000

..0087

.0122

..0138
,0146

t/d

0.019
.024

.029

.034

.046

.068

.066

.042

.071

.078

.0?8

.0’77

,,068

.07’7

.078

.080

F

0.98

.98

.97

.97

.96

.95

.95

.96

.95

.94

.94

● 94

,.95

.94

,.94
.,93

31

.—

0.1315

.1190

.1260

.0874

.0498

.0000

-.0272

-.0419

-.0258

-.0122

.0000

,.0091

.0130

.0147

.0157’

.
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NACATechnicalNote No. 870 Figs. 1,3

Figu~e 1.- Photoelasticpolariscope.

Figure3.- Bulkheadmodels.
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NACA TechnicalNoteNo. 870 Figs. 4,7

Figure 4.- Clircularring being cut in lathe.

-<--* \
-.---- —-’ .-.

... .

Fi~e 7.- Model being Cut in Verticalmill.
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lItKktTeohni@lNoteNo.870 Fig.5 .

“&d&i
o 1.38
10 1.33
201.32
30 1.35
401.43
w 1.56
60 1.’73
701.84
801.69
1001.50
la 1.50
1+ 1.72
lm 1.84
1601.86
1701.82
1801.81

(i:.)
1.030

.850

.700

.585

.440

.295
●304
.480
.280
.255
.255
.260

‘ .295
.260
.255
● 250

.

.

--- .

--( .-
Neutral.axis —

Figure5.. Elying-%oatbdldmad.
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●

Figs. 8,10

.

Figure8.- Mountingof ellipticbulkheadmodel.

.

.
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Figure10.-Ringmodelloadedfor test.



.

.

.

.

NACA TechnicalNote No. 870 Figs. 11,32

Figure32.-
Model7
loadedfor

Figure11.-
Ring model
underdia-
metrical
load.

.-,--- .. .. —- . . ..- A— . . . . .—~: -.

. .

test.
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Figure 12.- Photoelastio fringe pattern
for model 4, teiat3.

Diametrical load, 51.3 pounds.

cALlLwa170dkm
TESTNo’s,3 AND4

F16ure 13.- Photoelm3tio fringe patternfod
calibration beam loaded at

quarter-span points.

I

figure ZO.- Photoelastic fringe pattern for
model 4, test 5. Skin thicknese,

0.020 inoh; diametriod load, 120 poundB.

/,-.

Figure 27.-

\’”.

4
Photoelaetic fringe pattern for’
model 8. Total.load, 61.3 pmnds.

Tne
bl@k

White
Of the
patteru
iathe
revers,g
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originti.
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NAOATeolmicalNoteNo.8’70 Fig. 18 -

I?igum18.-Mohrrscirclediagramof stressfordge of
bulldma~attachedto skin.
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Figure29.-Photoelaetlcfringepatternfor
, model6.P%lUP

.

‘Figure33.- Photoelaetlofringepatternfor
model7.Load,115.2pounds.
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Figure 35.- Model2,test6;skinthiokness,
0.020Inoh:load,76.00pounds.
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fringe patterns for cirotiiu rirgs tested. (See table v.)
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yigurea 40,41,4a,43.-,PhotoelaStio fringe patterna for olroular ringB tested. (See table V.\
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(See table V.) “P
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Figures 4S,49,50,51.- Photoelastio fringe patterns for oiroular rings tested. (See table V.)
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RlgureE 52,53,54,56.- Photoelutia fringe pa%tarns fOr circulaz rings tested. (Se? table v.) ~
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tigtues 66,57,68,S9.- Photoelastio fringe patterns foroiroularringstesked.(Seetablev.)
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